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Abstract 
Externally bonded steel plate is widely used to strengthen the deficient flexural strength of reinforced concrete beams. 
The flexural strength retrofitted by this method is limited to a certain value as the balanced compression region of 
concrete is restricted. For an engineering project of retrofitting, this method can not be used and other methods are 
not convenient to apply. In this condition, externally bonded small sized H-type steel member may be used to get 
larger resistance of bending moment as the arm of the tension force is also extended. The JGN structural adhesive is 
used for bonding and the new type of steel-concrete composite beam is formed. Some related problems of the design 
and analysis for this retrofitted beam are presented. 
Similar to the design analysis of reinforced concrete beam, the hypothesis for the rigid-plastic equilibrium of the 
forces across the section is adopted for the analysis of the flexural strength of the retrofitted beam. The flexural 
stiffness can be got by the design code. The primary purpose for retrofitting the beam is reached. Shear stress of the 
retrofitted beam is analyzed by the method of material mechanics for shear strength check. According to the design 
code, the JGN structural adhesive can meet the strength demand to guarantee the full shear link on the interface. 
Furthermore, anchor bolts are set additionally as the strength margin for connection.  
Finally, the influence of slip in the retrofitted beam is discussed. The slip and the additional deflection of the 
composite beam can be obtained by the theoretical formulae in the literature. The negligible influence of slip between 
the H-type steel member and the original reinforced concrete part is found. Comparative analysis by finite element 
method is also done for the verification of the slip and the deflection for this project. The full shear link on the 
interface of the beam is proved. 
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1. BACKGROUND 
For a simply supported reinforced concrete beam, the span is extended from 4m to 8m because of 
removing mid-span supporting column. A concentrated load 120kN at the mid-span and a uniform load 
15kN/m along the span is on the beam as shown in Figure 1.The height and width of the original beam is 
500mm and 250mm. The grade of concrete is C30. Analytical results for the original reinforced concrete 
beam by the current design code are listed in Table 1. Deficient flexural strength of the beam should be 
strengthened. The retrofitting method of externally bonded steel plate can not be applied as the balanced 
compression height of concrete may exceed the limitation. The retrofitting method of externally bonded 
steel member as H10;250;10;10 by the JGN structural adhesive is suggested here as shown in Figure 2. 
The area of H-type steel member AS is 5800 mm2. Treating the shadowed region in Figure 2 as the virtual 
section of concrete, the effective height of the retrofitted beam is extended from 465mm to 550mm. As 
the arm of tension force is extended, this retrofitting method can be applied for strengthening this beam. 
This paper presents detailed works for the design and analysis of the composite beam formed by the 
original reinforced beam and the externally bonded H-type steel member. Three Chinese codes, as the 
code for design of concrete structures (GB50010-2003), the code for design of steel structures (GB50017-
2003) and the design code for strengthening concrete structure (GB50367-2006) are involved and 
abbreviated as CODE-CONCRETE, CODE-STEEL and CODE-STRENGTHENING in this paper. 
 
Figure 1: Simply supported beam. Figure 2: Formation of the composite beam 
Table 1: Analytical results for the original reinforced concrete beam 
Item 
Reinforcement 
or stiffness 
Capacity or 
deflection 
Design demand Result 
Flexural strength 4ĭ20(HRB335) 175kNm 360kNm Not qualified 
Shear strength ĭ8@80(HPB235) 195kN 120kN Qualified 
Flexural deformation 3.16×1013Nm2 65.8mm(1/122) 8000/250=32mm Not qualified 
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2. Design ANALYSIS 
2.1. Flexural Strength 
CODE-CONCRETE adopts the hypothesis of rectangular compression stress distribution of concrete for 
the design analysis of flexural strength of reinforced concrete beam, which is shown in Fig. 3(a). For the 
restriction of the ratio of compression height vs. effective height less than 0.55, the possible maximum 
flexural strength after retrofitting can be got as 
2
000max 4.0)2
55.01(55.0 bhfhbhfM cc |  (1) 
In equation (1), cf  is the design strength of compression of concrete (14.3MPa for grade C30), b and 0h  
are the width and effective height. The possible maximum flexural strength of this beam retrofitted by 
externally bonded steel plate is 310kNm, which can not meet the design demand. 
 
(a) reinforced concrete beam (b) composite beam 
Figure 3: Model for flexural strength analysis. 
The stress distribution for the composite beam is assumed as Fig. 3(b). yF , sF , cF  are the tension force 
of reinforcement, the tension force of H-type steel member and the compression force of concrete 
respectively. As the tension stress of H-type steel member is trapezoidal distributed, the analysis of 
flexural strength for the composite beam is different from that of the reinforced concrete beam. Assuming 
the maximum tension stress reaches the design value sf , the resultant of the tension stress is got as 
ss Af\ .Here \  is the ratio of the mean value vs. the maximum value,  
xhh
xhh
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5.0\                                                                                                                                 (2) 
\  can be estimated as the ratio of effective height of the original beam vs. the retrofitted beam. For this 
project, \  is estimated to be 465mm/550mmĬ0.85. Neglecting the reinforcement of the original beam, 
the maximum flexural strength of the retrofitted beam is hence got as 430kNm, and the height-effective 
ratio of the compression zone for concrete is 290mm/550mm=0.53.  
These mean satisfactory check on flexural strength by CODE-CONCRETE. 
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2.2. Flexural Stiffness 
As the H-type steel member is not wrapped by concrete, the flexural stiffness of the composite beam 
should be obtained by CODE-STEEL as 
[

 
1
ccss IEIEB                                                                                                                                   (3) 
In equation (3), sE  and cE  are the elastic modulus of steel and concrete, sI  and cI are the moment of 
inertia of steel and concreteˈ[  is the influence coefficient associated with the section characteristics of 
the composite beam. For this project, [  is got as 0.23 and the flexural stiffness B  is got as 1.32h
1014Nm2. Obvious retrofitting effect for the beam can be found in Table 2 as the ratio of the mid-span 
deflection vs. span changes from 1/122 to 1/506, which can meet the design demand as 1/250. Moreover, 
the condition of uniform distributed load q=54kN/m is also concerned as the bending moment at the point 
of mid-span reaches the possible maximum value 430kNm. 
Table 2: Maximum deflection of the composite beam 
Load condition q=15kN/m P=120kN 
q=15kN/m and 
P=120kN 
q=54kN/m 
Maximum deflection 6.1mm 9.7mm 15.8mm 21.9mm 
Ratio of deflection vs. span 1/1316 1/823 1/506 1/366 
As the parameter [  is usually about 0.20, a simple formula for the flexural stiffness is proposed as  
)(85.0 ccss IEIEB                                                                                                                         (4) 
2.3. Shear strength 
 
Figure 4: Shear stress distribution of composite beam. 
By the method of material mechanics, the shear stress analysis can be done by transforming the H-type 
steel member to equivalent concrete part, as shown in the middle diagram of Figure 4. The equivalent 
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width should be got as the width of steel member times the modulus ratio csE EE / D . For this 
project, x  is got as 320mm. The elastic shear stress on the composite beam is  
eqeq
sc Ib
QS )(WW                                                                                                                                      (5) 
In equation (5), Q  is the shear force, S  is the first moment of the area outside the check point with 
respect to the neutral axis, eqb  is the width or equivalent width, Esceq III D .  
As the size of H-type steel member is small, the neutral axis is in the concrete region. The shear stress of 
concrete part is parabolic distributed. By integration, the total shear force of original part can be got. The 
partition ratio of shear force in the reinforced concrete part can be expressed as 
3
32
4
3
x
hxh cc  J                                                                                                                                       (6) 
Hence the shear strength of the composite beam can be checked, as shown in Table 3. The shear strength 
of the original reinforced beam and H-type steel member is got by CODE-CONCRETE and CODE-
STEEL respectively. As the relative large shear strength of the H-type steel member, the shear strength of 
the composite beam is determined as 195kN/0.87=225kN by the original part. 
Table 3: Shear strength of the composite beam 
Part of the composite beam Ratio of shear Shear force carried Shear strength Result 
Original reinforced concrete beam 87% 104kN 195kN Qualified 
H-type steel member 13% 16kN 100kN Qualified 
2.4. Connections 
Full shear link should be set on the interface of reinforced concrete beam and the H-type steel member. 
As it is a simply supported beam, the strength check of shear connector should be done according to 
CODE-STEEL. The possible maximum shear force on the connector of the composite beam should be 
determined as 1250kN by 
),min( ccsss fbhfAV   (7)  
As the support of the beam is not the ideal hinge support in engineering practice, only half beam along the 
span direction should be considered for shear strength check. The effective connection area is proposed to 
be 250mm wide and 4000mm long. The average shear stress of the JGN structural adhesive on the 
interface is got as 1.25MPa. By CODE-STRENGTHENING, the bonding (tensile) strength of JGN 
adhesive should be larger than 2.5MPa. As the tensile strength of concrete C25 is 2.5MPa in the CODE-
CONCRETE, the design shear strength of JGN adhesive should be larger than 1.27MPa, which is the 
design value for concrete of grade C25. That means the requirement of shear strength for full shear link 
can be guaranteed. 
In engineering practice, 40 M16 anchor bolts are also uniformly set on the interface. By the authors’ 
opinion, 20 bolts are involved in the region of half beam for effective connection. The total shear force of 
the anchor bolts as 1280kN can be provided to be the strength margin for full shear link. 
2138  X.S. REN and B. ZHOU / Procedia Engineering 14 (2011) 2133–2140
3. INFLUENCE OF SLIP 
3.1. Theoretical Analysis 
The influence of slip for steel-concrete composite beam connected by studs can be evaluated (Nie et al. 
1994; 2003). The research achievements are suggested to analyze the retrofitted beam here. 
The maximum slip and the additional deflection caused by slip can be expressed as: 
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In equation (8) and (9),  21 2eq eqA I A h  ,  1 1ceq s c sA E A E A  ; sK  is the stiffness for 
slip. )(PsG , )(qsG  and )(PfG , )(qfG  are the coefficients related to the section of the composite 
beam and the location of point concerned. The subtitle s and f represent the abbreviation of slip and 
deflectionˈwhile the alphabet P and q in the blanket means the load condition as concentrated load at 
mid-span and the uniform load along the span. For this project, )(PsG , )(qsG  are 1.00 and 0.89, 
)(PfG , )(qfG  are 0.89 and 0.98. As the four coefficients are in the range of 0 to 1, equation (8) and (9) 
may be a bit overestimated when the four coefficients are selected as 1. 
From the review for the shear anchorage behavior of steel plates bonded to concrete (Chen et al. 2001), 
concrete failure under shear force is the main failure mode and the bond strength depends strongly on the 
concrete strength while the maximum slip is estimated to be 0.2mm. For this project, the ultimate shear 
strength of concrete is 2.5MPa, the stiffness for slip sK  is got as
3/5.12 mmN . 
From Table 4, the negligible influence of slip on the deflection is found in this project.  
Table 4: Slip and additional deflection of the composite beam 
Case Slip Additional deflection Ratio of additional deflection  
under P=120kN 0.021mm 0.13mm 1.4% 
under q=15kN/m 0.010mm 0.07mm 1.1% 
under design load  
(P=120kN and q=15kN/m) 
 0.031 mm 0.20mm 1.3% 
under q=54kN/m 0.034mm 0.25mm 1.1% 
3.2. Finite Element Analysis 
FEM (finite element method) is used for analysis on slip and deflection. The model is established, as 
shown in Figure 5. Solid elements are used for concrete, JGN structural adhesive and H-type steel 
member while bar elements are used for the reinforcement in concrete. The layer thickness of JGN 
structural adhesive is 2mm. The anchor bolts are not considered. The uniform load 54kN/m is set on the 
beam. The key parameters for concrete, steel and JGN adhesive are taken from CODE-CONCRETE, 
CODE-STEEL and CODE-STRENGTHENING, which are shown in Figure 6. The Poisson's ratio is 
selected as 0.2 for concrete and steel, 0.25 for JGN structural adhesive. 
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Figure 5: Meshing for FEM analysis (unit of element size: mm) 
 
Figure 6: Stress-strain diagram for material 
 
Figure 7: Mid-span stress along height. Figure 8: Slip and deflection along span. 
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The mid-span stress distribution along the height is shown in Figure 7. The maximum stress of concrete 
in compression area is 23.8MPa and the height of compression region is about 300mm. The H-type steel 
member is in elastic stage as its maximum tensile stress is 190.7MPa. The stress of JGN structural 
adhesive is 19.6MPa. These means qualified results on the strength check.  
Figure 8 is the result of slip and deflection along the span of the beam. The number 0 and 0.5 on the 
horizontal axis represents the support and the mid-span of the beam respectively. The maximum 
deflection is 19.9mm at the mid-span, which is quite near to the result in Table 2. The maximum slip is 
0.014mm, which is smaller than the theoretical result 0.034mm. The main reason for the difference of slip 
is that the stiffness of slip in equation (8) and (9) is obtained by the maximum slip 0.2mm and may be 
underestimated. The full shear link on the interface of connection is guaranteed.  
Moreover, different layer thickness of the JGN structural adhesive as 2.5mm or 1.5mm is also considered 
in FEM analysis. The change of layer thickness nearly has no influence on the results. It is proved that the 
stiffness of slip is mainly determined by the shear strength of the concrete. 
4. CONCLUSION  
For a reinforced concrete beam with deficient flexural strength, externally bonded steel plate can not be 
applied for the restriction of balanced compression region of concrete. This paper brings up the 
strengthening method of composite beam formed by externally boned small size H-type steel member on 
the reinforced concrete beam. The H-type steel member should be in the state of tension and connected to 
the reinforced concrete part with full shear link. Design analysis of the composite beam, such as the 
flexural strength, the flexural stiffness, the shear strength and the connections is presented mainly by the 
related stipulations of CODE-CONCRETE, CODE-STEEL and CODE-STRENGTHENING. Some 
simplified suggestions for design analysis are given. Full shear link on the interface should be guaranteed 
by either the JGN structural adhesive or the anchor bolts. The slip is studied by the theoretical formulae 
and FEM analysis, the negligible influence of slip between the steel member and the reinforced concrete 
part is found. 
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